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Figure S1, related to Figure 2 and Figure 3: Spatial distribution of GFP expressing cells in the embryos 
injected with hox11/13b:gfp BAC (A), D:gfp (B), and E:gfp (C). Whole mount double in situ hybridization was 
performed to detect the localization of GFP transcripts and endogenous foxa mRNA in injected embryos. Foxa was 
used as marker for veg2 cells at 15h and for veg2 endodermal cells at 20h, 24h, and 30h. Number of embryos 
expressing GFP mRNA in each spatial domain were scored and shown as percentage of total number of GFP 
positive embryos indicated below each diagram 
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Figure S2, related to Figure 3: Discovery of minimal sequence (module ME) of early module E. (A) The entire 
region of module E (~5kb) was first dissected into 7 partially overlapping fragments (E1 to E7), the regulatory 
activity of which was then measured at 15h by qPCR, shown as histogram on bottom left. The region covering two 
active fragments E6 and E7 was again dissected into five smaller fragments (E-a to E-e) that also partially overlap 
by 500bp. QPCR measurement of the regulatory activity of these smaller constructs at 15h, shown on the bottom 
right, identified three active sequences: E-c, E-d, and E-e. The combined region of these three active sequences 
named EE was subjected to searching for even smaller sequence with comparable regulatory activity in B. (B) 
Progressive trimming from both ends of sequence EE was performed in order to search for the minimal region. 
QPCR measurement of the reporter activity driven by various the deletion forms of construct EE was performed at 
15h and 21h and is shown in histograms. Fold change was calculated by comparing reporter expression driven by 
deleted constructs to that driven by the intact EE sequence. (C) Spatial expression of GFP transcripts in embryos 
injected with ME:gfp was analyzed by WMISH with GFP probe and scored in indicated number of embryos, 
showing similar pattern as that of the embryos injected with E:gfp (shown in Figure S1C). 
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Figure S3, related to Figure 3: Module ME controls early spatial expression and contains two submodules. 
(A) Addition of module D to ME:gfp construct increased the GFP transcripts level by 40% at 15h. (B) The fusion 
construct D-ME:gfp is capable of driving endoderm-specific GFP expression. Foxa:rfp BAC was co-injected into 
embryos to label veg2 cells at 18h and veg2 endoderm at 24h. (C) Submodularization within module ME. Deletion 
series from both ends of ME discovered that the sequence encoded at the 5’ end (ME5) and 3’ end (ME3) drove 
distinct expressional profile of reporter activity. The histogram shows q-PCR measurement of reporter activity of 
various deletion constructs normalized to that of the wild-type ME construct.  Spatial expression of GFP in the veg2 
or veg1 lineage in embryos injected with ME5:gfp (D) and ME3:gfp (E) showing distinct spatial behavior: ME5:gfp 
is ubiquitous, and ME3:gfp is endoderm-restricted and exhibits similar spatial pattern as ME:gfp (Figure S2C). 
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Figure S4, related to Figure 4: Deletions within module ME5 discovered functional Ets binding sites required 
for driving the reporter expression at 15h. The histogram shows qPCR measurement of reporter activity of 
various deletion/mutation constructs normalized to that of the wild-type ME5 construct. (A) Systematic deletion 
covering the entire region of ME5 identified two sequences that are required for driving the reporter expression at 
15h. (B) Mutation of Ets sites decreased the expression level of ME5:gfp construct at 15h.  
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ME:gfp 15h 73 32 27(84%) 5(16%)
ME:gfp22h 248 91 79(86%) 12(14%)
ME5:gfp15h 125 53 17(32%) 36(68%)
ME5+40bp:gfp 22h 150 19 16(84%) 3(16%)
ME(Δ40bp):gfp 15h 244 51 17(33%) 34(67%)
ME(Δ40bp):gfp 22h 508 107 59(55%) 48(45%)
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Figure S5, related to Figure 4: Tcf sites and Eve/Hox sites in module ME are required for endoderm-restriction 
and auto-repression of Hox11/13b in anterior endoderm, respectively. (A) Progressive deletion from 3’ end of 
ME identified a 40bp sequence that is necessary for restricting reporter expression to the endoderm, examined at 20h 
by fluorescent microscope. (B) Embryo scoring data shows the percentage of GFP positive embryos with endoderm-
specific expression of GFP upon injection with different forms of mutant or deleted forms of reporter constructs. (C) 
QPCR measurement of the reporter activity driven by Tcf sites and/or Eve/Hox sites mutated ME:gfp constructs at 
15h and 21h. (D-F) Whole mount in situ hybridization was performed to detect the localization of GFP transcripts in 
embryos injected with ME:gfp and Hox11/13b MASO or control MASO (D), wild-type ME:gfp (E), or Eve/Hox sites 
mutant ME:gfp (F). (D) Much higher percentage of embryos injected with ME:gfp showed GFP transcription in the 
anterior endoderm when co-injected with Hox11/13b MASO as compared to those co-injected with control MASO, 
examined at 30h. (E, F) Eve/Hox site mutation caused higher percentage (75% in F comparing to 40% for wildtype in 
E) of embryos with GFP expression in the anterior endoderm and lower percentage of embryos with expression in 
posterior endoderm at 30h.  
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Figure S6, related to Figure 5 and Figure 6: Identification of sequences required for the late expression in 
hindgut.  (A) ELI:gfp and ME-LE:gfp are sufficient to drive reporter gene expression in the hindgut endoderm at 
60h, examined by WMISH; the GFP expression level in the embryos injected with ME-LE:gfp is comparable to 
level in embryos injected with longer ELI:gfp construct.  (B) Q-PCR measurement of reporter expression driven by 
various deletion forms of ELI fragment show that module L and the promoter proximal region are both required for 
late expression at 48h. Fold change was calculated by comparing reporter expression driven by deleted constructs to 
that driven by the intact ELI fragment. (C) Q-PCR measurement of the reporter activity at 24h and 48h driven by 
constructs with various sequence deletions (illustrated on the left). (D) Physical interaction between promoter 
proximal region and two modules at 15 and 48h. 4C-seq tracks at 15h and 48h are visualized on genome browser 
with the bait region indicated at the proximal region by red triangle. Restriction enzyme cutting sites for AseI used 
for the primary digestion are shown in green lines. Evident sequencing reads are mapped to module ME and module 
L at both time points suggesting physical interaction between these modules and the promoter proximal region. 
Sequencing reads are normalized to reads per million (RPM). (E) QPCR measurement of GFP expression driven by 
constructs with various sequence mutations or deletion (illustrated on the left). LV, lateral view 
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C Module TF binding site Original sequence Sequence after mutation 
ME Ets TTACCCGGATGGC TTcaaattcgtGC
ME Ets GGTTTTCCGCTTC GGTTggaatagTC
ME TCF CTGCTTTGTCT CTtagggtgCT
ME TCF CCGCTTTGCTG CCtagggtaTG
ME HD ATGTAATTGA ATtgccggGA
ME HD ATCTATTGAA ATagcggtAA
ME HD TGAAATTAAT TGcccggcAT
ME HD GTGATTTAATC GTtcgggccTC
L HD AGTCATAATTC AGgacgccgTC
L HD GTGCTCATTACG GTtagacggcCG
L HD TGCGATGTCATG TGatcgtgacTG
Figure S7, related to Figure 4 and Figure 6: Sequence of module ME (A) and module L (B) and the identified functional 
binding sites located within. (A,B) Ets sites are shown in blue; Eve sites in orange; Hox sites in purple; Tcf sites in green. Four 
Eve sites, shown in A, overlap with Hox sites, thus in the text we refer them to Eve/Hox sites. Sequences of mutated sites are 
shown for forward strand in parentheses and labeled in red. The 142bp that showed the highest ATAC-seq signal at 60h and is 
required for the late activity is shown in yellow in B. (C) Sequences of binding sites in modules ME and L are shown before and 
after mutation. 
SUPPLEMENTAL TABLE, related to Figure 2: List of primers used to amplify cis-regulatory
 modules. 
Fragments Forward Primer Reverse Primer 
1 ATTCAAGGACAACTCGGCTG TTTCCACCACTCATTGAATTGTGC 
2 CCGAAAGTCACACGGATTC CAATGTTAACTACCTAGCAATG 
3 AATGACAGCTGATCGTGAGC GCAGCATTCTACTTCCTACT 
4 AACGGTCACAATGTGTTACGT GCACTCACTTATGTCGATTCG 
5 CTGGATACACCAATCTCCGT ATGGGAGTTCCTGACTGACC 
6 CATTCAAGTTGGCAGAGAGCT CAACCCAGTCTGTAGTACTAGT 
7 CAATAGCGCCATCTAGTGAC TTGGCGAGTCGGTTTACAGC 
8 AATCGAATAAGCCTGCCTCA CCTAATAAGCAACGCATGAC 
9 GCCATACAACATTGAACAGC AGAATTCGACATAGGCCTGC 
10 TCACTGCGCTTGTATCGAGCA TCTCATAGTGCACGATGACCT 
11 AATCGCCTTGAATCGTCTGG CTGCCTTTAACCGATGAATGT 
12 GCCTCTCGCCAAAACAAAT ACTGCCTAATACGTTCTCACT 
13 GTCGATCTGTATGTCTGTATGTC TGGATGTACTTCGACTGTCGG 
14 GCTGTCTTTTAAGGAACAGGT AACATTCTCTTGTTGCTCCAA 
15 CCAACTTCCCGCTTGATG GAGTCTCAAGCGCAAATTTATG 
16 (E) ACATCAACCGGTTATATCACC AATTGGCATGCCTTGAGAG 
17 GGCCAGATAGGATAGAGATCA CTTGCCCGCTTTGTTATCTCT 
18 GTTGGGCACCAGACAAACT TATAGGCGCTCGTTCTGACA 
19 TTAATGACGCAGTAACAGCGAG TTTGCAGACCTCAAAGCACC 
20 GATTGTGTATCGGATATGTGC CTGCCAGGTTCAATGACAT 
21 CAAACGAGTAGTGTGAAGTTT TAGATGGCCACTTGCTCTTCA 
22 GACAAAAGCTAGGCTCCTTG ACGATGCATTGAATCCGTTCAT 
23 GGCAATGGTGATGACCTTAG GGGTCTAATATCGGACCAAAA 
24 TGGTAGAGAGGGCTACAGAG GATGCTTTGATCAGTCGTCG 
25 TGTCCTATACGTCACAATGCA AGTAATGATAAACCGGCACC 
26 CACGTGGGGCAAGTTCTTTG TTCGACGGCAGTAAGTCTG 
27 CATCATGACGACTTGAATGAC TCTCACAATGCTATGACAGCT 
28 ACATAAGAGATAGGAGACTGCA AGTTGACTGGGGGTGGTT 
29 TCAGCTAATGACTGCAATCAA AGCTCTTCACCTTGTCTTATC 
30 AAACAATCGAGTAGCATCCCA CAGATCATCACGCAGAGAC 
31 TGGGAAGGTATAGCAGAATGTTG TGTAGCATGCAAGGCTACGC 
32 GGATACCAAACGGAGCGTCA GGGTTTTGTCCTGCACCTTATC 
33 GCATTGGCTAGGCTTGCATC GCTATCACCCCCTTCAAGG 
34 CTTCGTTTTATCATCATTGACA GTCCTCAGCTGAATCAACTG 
35 TGGGCGACGAACTTGTTAC GCTTGCTTGTATCCATCTCAG 
36 ATGGGTCAGAACCATAAGTCA AGGGGACAGTTATATGCAGTC 
37 GTATTCTGCATGCTCGGAGC ATCATGTGCGCTACGAATCC 
38 GAAATCTCTGACGTTACTGGTAA GATGTCAAATGGACATCTTCCT 
39 GGTTGTGACTGCTGTTTGAC TGACGTTACATGACCACAAC 
40 TTCGCGAGCAAAGTATCAAGA GAATTGTCAACCATGAACGTC 
41 CCAAGGCACGGAATTAGAAG GCCGTTGAGATGAATGGTTG 
42 (D) AATAACGAAGGAGCGTAGAC AACTCAATGCGGGATAAGTG 
43 AACCGTGGGATGTGGATAAGT AATTTCCACCAGTCTGCTTCTT 
44 GCAGTGCATCGAACTCAC GTTGGTGTATTGGTGATATCGT 
45 TCAGTTGGATCCTGAAGATTTG ACATAAATTTGCACAATATGGC 
46 ATATCATGATTGCCTAACATGC CATTGTTAAATCTGAGATACACG 
47 GTATTACGACACAGAACATTTGTG AGCTATACAATTTTGACAGAGG 
48 ATGGGCCCTGCCCCTTAT TCGCTCATGAACTTTGGCA 
49 CGGGTACCCATTTAACACT GTGGATTAGCTACTTTACGGA 
50 GTCGGATCTGTACTAGTGAGT ATGTGGAGCATTGTAGAAGC 
51 TCTTCCCATCACAAATCGACC AGTGTATGTACGGTCATACGT 
ME TTTAAGCAGATTTGAATTACCC TTTTCTTCCTTTCAATTGTCAGCACCG 
ME5 TTTAAGCAGATTTGAATTACCC GCAGCGTTCGATTTCATTCA 
ME3 TTTGTCTTCTCAATACGGATA TTTTCTTCCTTTCAATTGTCAGCACCG 
L TTGATACAGATCCAACTGAGG CGTTTGGCTTCTCAATGACG 
 
  
SUPPLEMENTAL EXPERIMENTAL PROCEDURES 
Reporter gene assays and injection of morpholinos 
Sea urchin eggs and sperm were isolated and prepared for injection as described in (Cheers and 
Ettensohn, 2004). For injecting small constructs and linearized BAC reporter into eggs, injection 
solution contained 120mM KCl, 20ng/ul of carrier DNA, and DNA constructs at a concentration 
of 100 molecules/pl. In barcoded GFP reporter experiments, multiple DNA constructs were mixed 
at equal molar ratio. Injection volume per egg was approximately 10-20 pl. For injection of 
MASOs, injection solution contained 120mM KCL and 300uM MASO. When co-injecting MASO 
and reporter construct into eggs, a concentration of 200uM for MASO and 50 molecules/pl for 
reporter constructs was used. The sequence for hox11/13b and eve MASO has been reported 
previously (Peter and Davidson, 2010). Randomized control MASOs (N25) were injected at the 
same concentration. Embryos were cultured at 15°C.  The spatial expression pattern of reporter 
constructs and hox11/13b:gfp BAC was determined either by whole mount RNA in situ 
hybridization (dWMISH) following a standard protocol as described in (Minokawa et al., 2005) 
or by direct visualization of GFP fluorescencean using an Axioskop 2 plus (Zeiss) compound 
microscope. Due to mosaic incorporation, GFP reporter expression in given spatial domains was 
scored by counting number of embryos showing expression in each domain. Two-color double 
WMISH was performed using anti-GFP Dinitrophenol (DNP)-labeled probe and anti-foxa DIG-
labeled probe. DNP-labeled probe was detected with nitro-blue tetrazolium/5-bromo-4-chloro-3′-
indolyphosphate (NBT/BCIP)-staining solution, and a second stain was performed on DIG-labeled 
probe using Fast Red TR/Naphthol AS-MX Tablets (Sigma). The sequences of primers used to 
generate GFP probes are: 5’-AGCAAGGGCGAGGAACTG-3’ (forward primer) and 5’-
CAGCTCGTCCATGCCATGTG-3’ (reverse primers). Primers sequences for hox11/13b and foxa 
probes are acquired from previous study (Peter and Davidson, 2010).  
 
ATAC-seq 
Embryos at stage 15h, 24h, and 60h were harvested by centrifugation at 1400rpm for 5min in 4 °C. 
Single cell suspension was prepared by re-suspending embryos in ice-cold dissociation buffer 
containing 1M Glycine pH 8, 4mM EGTA, and protease inhibitors (Roche mini-complete EDTA 
free) at room temperature for 10min, followed by 3 times washes with Ca++-free Artificial Sea 
Water. Once embryos are fully dissociated, cells were immediately proceeded to the next step or 
stored in -80 °C with 10% DMSO before further processing. The transposition reaction and 
amplification procedures were performed following a protocol described in (Buenrostro et al., 
2013). Briefly, approximately 500,000 cells were washed with ice-cold PBS and resuspended in 
50 ul cold lysis buffer (10mM Tris-HCl, pH 7.4, 10mM NaCl, 3mM MgCl2, 0.1 % IGEPAL CA-
630) for nucleus extraction. The nuclei were gently re-suspended in a 50ul transposition reaction 
mixture containing 25 ul Tagment DNA buffer (Illumina, Nextera DNA 24 sample prep kit), 2.5ul 
Tagment DNA enzyme and 22.5ul of Nuclease Free H20. The mixture was incubated at 37 °C for 
30 minutes, after which immediately proceeded to DNA purification using a Qiagen MinElute Kit. 
To amplify transposed DNA for sequencing, the following reaction was prepared: 10 ul 
Transposed DNA, 15 ul of PCR master mix (Illumina, Nextera DNA 24 sample prep kit), 5 ul of 
PCR primer cocktail and 5 ul of each Index primer (Illumina, Nextera 96 sample Index kit). PCR 
samples were fragmented into 300bp. The sequencing was done in pair-end 40 millions 50bp reads. 
The raw reads were aligned to sea urchin reference genome Spur_v3.1/strPur4 using Bowtie2. 
Peaks were visualized on EchinoBase Genome Browser with those that have alignment of 10 or 
greater are shown.  
 
4C-seq 
4C-seq assays were performed as previously reported (Stadhouders et al., 2013). Embryos 
dissociation followed the same procedure as described above in the ATAC-seq assay. 
Approximately 1 million embryos were dissociated and cross-linked for 10 min in 1% (wt/vol) 
paraformaldehyde in PBS at room temperature. The reaction was stopped by adding glycine to a 
final concentration of 125 mM for 5 min at room temperature. Fixed cells were then treated with 
lysis buffer containing 10 mM Tris-HCl (pH 8.0), 10 mM NaCl, 0.2% (vol/vol) NP-40 and 1× 
protease inhibitor mixture (Complete; Roche; 11697498001) on ice for 10 minutes. The primary 
nuclei digestion was done with AseI endonuclease (New England Biolabs, R0526L) and ligated 
with T4 DNA ligase (New England Biolabs; M0202S). The secondary digestion was done with 
DpnII endonuclease (New England Biolabs; R0543L), and the DNA was ligated again.  
Specific primers (with sequences are 5’-GTCTTTCACCCTCTCTCACTC-3’and 5’-
AAAGTGCCAGTGGACACTG-3’) were designed to target the promoter region of hox11/13b 
and were used to generate library in PCR reaction performed with the Expand Long Template PCR 
System (Roche; 11759060001). PCR reactions were purified using the QIAquick PCR Purification 
Kit (Qiagen) and proceeded to size-selection for 200-800bp fragments using Agencourt AMpure 
XP (Beckman Coulter, A63881). PCR fragments were then ligated with Illumina adaptors. 
Libraries were sequenced on the Illumina HiSeq2000. Single-end reads of 100bp length were 
obtained. 4C-seq data were analyzed as described in (Stadhouders et al., 2013) with some changes. 
In brief, bait-specific sequences were determined to enrich for the real signal reads. These reads 
were then trimmed down to 36bp and mapped to the sea urchin genome (Spur_v3.1/strPur4) with 
Bowtie2. Peaks were visualized on EchinoBase Genome Browser. Data were deposited at the 
NCBI Sequence Read Archive under accession number SRP097791. 
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